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Abstract
Background: The introduction and maintenance of plasmids in cells is often associated with a reduction of growth rate. The
reason for this growth reduction is unclear in many cases.
Methodology/Principal Findings: We observed a surprisingly large reduction in growth rate of about 50% of
Methylobacterium extorquens AM1 during methylotrophic growth in the presence of a plasmid, pCM80 expressing the
tetA gene, relative to the wild-type. A less pronounced growth delay during growth under non-methylotrophic growth
conditions was observed; this suggested an inhibition of one-carbon metabolism rather than a general growth inhibition or
metabolic burden. Metabolome analyses revealed an increase in pool sizes of ethylmalonyl-CoA and methylmalonyl-CoA of
more than 6- and 35-fold, respectively, relative to wild type, suggesting a strongly reduced conversion of these central
intermediates, which are essential for glyoxylate regeneration in this model methylotroph. Similar results were found for M.
extorquens AM1 pCM160 which confers kanamycin resistance. These intermediates of the ethylmalonyl-CoA pathway have
in common their conversion by coenzyme B12-dependent mutases, which have cobalt as a central ligand. The one-carbon
metabolism-related growth delay was restored by providing higher cobalt concentrations, by heterologous expression of
isocitrate lyase as an alternative path for glyoxylate regeneration, or by identification and overproduction of proteins
involved in cobalt import.
Conclusions/Significance: This study demonstrates that the introduction of the plasmids leads to an apparent inhibition of
the cobalt-dependent enzymes of the ethylmalonyl-CoA pathway. Possible explanations are presented and point to a
limited cobalt concentration in the cell as a consequence of the antibiotic stress.
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Introduction
The term ‘‘metabolic burden’’ has been coined to describe the
consequences of the presence and maintenance of plasmids in cells
usuallyassociatedwitha reductionofgrowthrate [1,2,3].Inaddition
to phenomena associated with overproduction of proteins that can
strongly impact cell growth by consuming cellular resources or by
interfering with host cell functions via its enzymatic activity or
physical properties, different mechanisms are believed to account for
plasmid-induced growth defects. Alterations in the physiological
state of host cells transformed with plasmids, relative to the
unmodified cells, are often ascribed to additional demands for
ATP and precursors for DNA synthesis. This ‘‘metabolic burden’’ is
supported by the observation that plasmid size correlates with a
decrease in growth [4,5,6] and by a correlation between plasmid
copy number and decreased growth [7,8]. Although this is a
generally accepted explanation provided by many authors, stoichio-
metric analyses showed that if no plasmid-encoded gene is expressed
at high levels, even propagation of very high copy number vectors
does not make much difference in global energy metabolism [9].
Diaz Ricci and Herna ´ndez [10] presented evidence for an
alteration of the cellular regulatory status as a primary cause of
plasmid-related growth defects. This might be the result of enzyme
up-regulation leading to futile cycles or other energetically
inefficient pathways [11]. In a transcriptome comparison,
candidates for such up-regulated factors responsible for the
‘‘metabolic burden’’ were found to be heat-shock proteins, many
of which are proteases or chaperones [12]. This study presents
evidence for a carbon flux diversion from the glycolytic pathway to
the pentose phosphate pathway as a consequence of plasmid
maintenance.
The antibiotic resistance proteins encoded on many plasmids
may also contribute to decreased growth rates by disturbing
cellular functions. One example of toxic effects of an antibiotic
resistance protein is Serratia marcescens lactamase blaSME-1, whose
signal sequence seems to be involved in growth rate reduction of E.
coli strains heterologously expressing this protein [13]. Especially in
case of the tetracycline resistance protein TetA, which when
expressed in E. coli was found to result in decreased growth rates
by several authors. Moyed and Bertrand [14] recognized that
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affects growth and speculated about the protein’s interference with
the function of the cytoplasmic membrane. Another report also
described the negative effect of tetA expression on E. coli fitness
even in the absence of antibiotic [15].
Gaining more insight into the molecular mechanisms underly-
ing these phenomena is of great interest for different research areas
such as the spread of antibiotic resistance among pathogenic
microorganisms, plasmid stability in biotechnological applications,
and genetic engineering strategies. Straightforward methods such
as the ‘‘omics’’ technologies can be used to identify cellular
changes leading to growth defects of plasmid-carrying cells. While
transcriptomics and proteomics provide information on gene
expression and proteins, metabolomics can give a more direct view
into the physiology of the cell as a consequence of the end products
of gene expression and - because of the high degree of connectivity
in the metabolic network - yield integrative information [16].
Methylotrophic bacteria utilize reduced carbon substrates
containing no carbon-carbon bonds as their sole source of carbon
and energy [17]. Methylobacterium extorquens AM1 is a model
methylotrophic bacterium that is able to grow in the presence of
methanol and methylamine. The genome of this Alphaproteobac-
terium was determined [18], and a number of ‘‘omics’’ technologies
have been established and applied, helping to further expand our
knowledge of methylotrophic metabolism [19,20,21,22,23]. M.
extorquens AM1 and other methylotrophs are of interest for
biotechnological applications using methanol as an alternative
non-food carbon source for conversion into value-added com-
pounds [24]. In this study, we used metabolome analysis as a means
to elucidate the mechanism of the pronounced growth retardation
of the model strain M. extorquens AM1 as a consequence of the
presence of two plasmids, pCM80 and pCM160 [25], during
growth in the presence of methanol as the sole carbon and energy
source. Our results point to a strong reduction of ethylmalonyl-CoA
mutase activity leading to inhibition of the ethylmalonyl-CoA
pathway, which is necessary for glyoxylate regeneration in M.
extorquens AM1. We provide evidence for a reduced intracellular
cobalt level in plasmid-containing cells; this is most probably
responsible for the decreased activity of the cobalt-dependent
enzymes of the ethylmalonyl-CoA pathway.
Results and Discussion
Growth Characterization of M. extorquens in the Absence
and Presence of pCM80
M. extorquens AM1 and M. extorquens AM1 with pCM80 [25],
which contains in its backbone a gene conferring tetracycline
resistance for maintenance and selection of the plasmid, were
cultivated in a bioreactor with either succinate or methanol as the
sole carbon source. In the presence of succinate, M. extorquens AM1
pCM80 had a growth rate m of 0.16160.001 h
21, which is only
slightly below the rate observed for M. extorquens AM1 in absence
of the plasmid and antibiotic (0.16860.008 h
21). In contrast,
when both strains were grown in the presence of methanol as the
sole carbon source, the growth rate of M. extorquens AM1 pCM80
was 0.07060.005 h
21 and thus was roughly half the rate of M.
extorquens AM1 (0.15860.003 h
21). Thus under methylotrophic
growth conditions rather than under non-methylotrophic growth
conditions, the presence of the plasmid pCM80 significantly
delayed growth in this experimental system.
Metabolite Profiling
In addition to catabolic oxidation of methanol to carbon dioxide
[26,27], M. extorquens AM1 uses specific pathways for one-carbon
(C1) compound assimilation that are essential for growth in the
presence of methanol: the serine cycle [28,29] in combination with
the recently uncovered ethylmalonyl-CoA pathway (EMCP)
[30,31]. The serine cycle allows incorporation of C1 units by
forming serine from glycine and methylene-tetrahydrofolate, and
regeneration of the glycine precursor glyoxylate is achieved via the
ethylmalonyl-CoA pathway. In order to investigate whether the
decrease in growth observed as a consequence of pCM80 under
methylotrophic growth conditions is linked to decreased metabolic
activity of these C1-linked pathways, we performed targeted
metabolite profiling of the respective central metabolites by
13C
isotope dilution [32] using liquid chromatography high resolution
mass spectrometry (LC-HRMS). When comparing pool sizes
determined for M. extorquens AM1 to those found for M. extorquens
AM1 pCM80 in the presence of tetracycline, slight changes in pool
sizes of serine cycle intermediates up to a factor of about 2 were
observed (Table 1). Metabolite profiling of the EMCP interme-
diates by LC-HRMS [31] revealed much higher relative changes
for certain intermediates when comparing M. extorquens AM1 and
M. extorquens AM1 pCM80 (Table 2); an increase in concentration
Table 1. Metabolite profiling of M. extorquens AM1 and M.
extorquens AM1 pCM80 during growth on methanol.
Metabolite AM1 AM1 pCM80
Serine cycle 2-/3-Phosphoglycerate a 1.00 60.11 0.41 60.03
b 1.42 60.13 0.47 60.04
Phosphoenolpyruvate a 0.51 60.03 0.48 60.08
b 0.74 60.05 0.34 60.09
Pyruvate a 0.56 60.08 1.47 6017
b 0.64 60.04 1.12 60.17
Malate a 2.33 60.10 0.89 60.14
b 2.41 60.13 0.58 60.04
Serine a 1.39 60.11 1.08 60.47
Average and standard deviation of metabolite pool sizes are given in
mmol/gCell dry weight. Values shown for M. extorquens AM1 were taken from a
previous study [21]. a and b represent two biological replicates.
doi:10.1371/journal.pone.0007831.t001
Table 2. Comparison of ethylmalonyl-CoA pathway
intermediates extracted from M. extorquens AM1 pCM80 in
presence of tetracycline and from M. extorquens AM1 during
growth on methanol.
Compound Fold change A Fold change B
Succinyl-CoA 1.09 60.08 1.82 60.16
Methylmalonyl-CoA 35.53 63.50 1.43 60.15
Mesaconyl-CoA 1.45 60.13 1.45 60.11
Ethylmalonyl-CoA 6.44 61.01 0.54 60.10
Methylsuccinyl-CoA 0.49 60.11 1.78 60.40
Acetyl-CoA 0.48 60.04 0.96 60.09
3-Hydroxybutyryl-CoA 0.43 60.03 0.93 60.05
Propionyl-CoA 3.57 60.26 0.81 60.06
Crotonyl-CoA 0.78 60.18 1.50 60.47
Values are the fold changes of CoA ester pool sizes of strain AM1 pCM80
relative to AM1. A: when applying default cobalt concentration; B: when
applying 10 times the default cobalt concentration.
doi:10.1371/journal.pone.0007831.t002
Cobalt Limitation
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pCM80 was found, and there was also a 35-fold increase of the
methylmalonyl-CoA pool. Both metabolites have in common their
conversion by specific mutases [33,34] (i.e., ethylmalonyl-CoA
mutase catalyzing the conversion of ethylmalonyl-CoA to
methylsuccinyl-CoA, methylmalonyl-CoA mutase converting
methylmalonyl-CoA to succinyl-CoA). These cofactor B12-depen-
dent enzymes play a key role in glyoxylate regeneration in M.
extorquens AM1 [31] and are essential for growth on methanol
whereas this pathway is dispensable for growth on succinate [26].
Comparison of chromatographic peaks of ethylmalonyl-CoA and
methylsuccinyl-CoA, as well as methylmalonyl and succinyl-CoA,
obtained from LC-HRMS analysis (Fig. 1) revealed that the
product and educt of the mutase catalyzed reactions are very
similar in M. extorquens AM1. However, in M. extorquens AM1
pCM80, an important accumulation of the substrates of the
reactions in the direction of the net flux of the EMCP was
observed (Fig. 1). These results suggest a bottleneck within the
EMCP specifically at the mutase reactions. However, since we
cannot determine the specific S/R configuration of the substrates
of the two mutase reactions using the metabolome analyses
applied, it is also conceivable that the mutase-preceding step,
ethylmalonyl-CoA/methylmalonyl-CoA epimerase, is affected.
This protein has also been shown to be stimulated by Co
2+
[33,35,36]. As a consequence, down-regulation of gene expression
or enzyme inhibition might occur and lead to the observed
accumulation of pool sizes and ultimately reduced growth.
Cobalt Dependency of Glyoxylate Regeneration In Vivo
The pCM80 plasmid harbors a gene providing resistance to
tetracycline via active efflux of tetracycline out of the cell [37].
Tetracycline efflux requires divalent cations for export, forming a
chelate complex with the dication with the highest affinity to Co
2+
for all investigated ions [38]. It seems reasonable to assume that
mutases and/or epimerase and tetracycline compete for free
cobalt. The strong efflux of tetracycline may thus cause a drop in
the intracellular cobalt concentrations below a threshold level
required for sufficient activity of the cobalt-dependent enzymes of
the EMCP, which would result in accumulation of ethylmalonyl-
CoA and methylsuccinyl-CoA, reduced carbon flux through
EMCP, and ultimately reduced growth in the presence of
methanol.
In order to evaluate whether cobalt limited growth of M.
extorquens AM1 pCM80, the strain as well as wild type were
cultivated in shake flasks on minimal medium with methanol
containing different cobalt concentrations, and growth rates were
determined (Fig. 2). When the cobalt concentration was 10 times
increased (12.6 mM), the measured growth rate of M. extorquens
pCM80 doubled (0.14460.005 h
21) corresponding to 84% of the
growth rate of M. extorquens AM1. For the latter only a slight
increase of less than 10% was observed with increasing cobalt
concentration (0.17160.010 h
21). Similar results were observed
when cobalt concentration was increased 25 times and 100 times,
though in the latter case a slight decrease of growth rates was
observed for both strains (Fig. 2). The results show that the strong
growth limitation of M. extorquens AM1 pCM80 in the presence of
tetracycline during growth on minimal medium with methanol as
the sole carbon source could be partially compensated by
increasing the cobalt concentration in the medium. In a second
step, we cultivated M. extorquens AM1 pCM80 in a bioreactor in
the presence of tetracycline on minimal medium with methanol
containing 10 times increased cobalt concentration. Similar to the
results obtained from cultivations in shake flasks, two biological
replicates revealed growth rates of 0.13 h
21 and 0.14 h
21. EMCP
intermediates were extracted during exponential growth. Table 2,
column B shows the fold changes of EMCP intermediates relative
to the wild-type strain; all CoA ester pools were comparable to
those observed for wild-type. Moreover, the accumulation of
Figure 1. Metabolite profiling of CoA esters involved in the ethylmalonyl-CoA pathway (EMCP). Ion chromatogram sections of CoA
esters extracted from M. extorquens AM1 (A1, A2) and M. extorquens AM1 pCM80 in presence of tetracycline (B1, B2). 1: succinyl-CoA; 2:
methylmalonyl-CoA; 3: methylsuccinyl-CoA; 4: ethylmalonyl-CoA.
doi:10.1371/journal.pone.0007831.g001
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detectable, indicating that addition of cobalt overcomes the
metabolic inhibition.
Introduction of Isocitrate Lyase
Heterologous expression of isocitrate lyase can partially restore
glyoxylate regeneration in case the authentic system is blocked
[39]. For further evidence that glyoxylate regeneration limits
growth of M. extorquens AM1 pCM80, growth of M. extorquens
pCM80icl was determined. M. extorquens pCM80icl was cultivated
on methanol with the same cultivation conditions as M. extorquens
AM1 pCM80. Two biological replicates resulted in growth rates of
0.11 h
21 and 0.13 h
21, respectively. Compared to M. extorquens
AM1, growth rates were partially restored when isocitrate lyase
was introduced, a result that is in line with the assumption that
cobalt limitation is the primary cause of growth delay via blocking
the EMCP.
Characterization of M. extorquens in the Presence of
pCM160
In the case that the mechanism of tetracycline resistance was the
reason M. extorquens became low on intracellular cobalt in the
presence of pCM80 and tetracycline, the presence of pCM160,
which carries a gene for kanamycin resistance instead of the
tetracycline resistance gene, should not affect growth in the same
way pCM80 does. The kanamycin resistance gene encodes a
nucleotidyltransferase that catalyzes the transfer of a nucleoside
monophosphate group to the 49-hydroxyl group of the aminogly-
coside kanamycin to inactivate the antibiotic [40]. To our
knowledge there is no indication for an involvement of cobalt
ions in the mechanism of action of this enzyme. To test the
hypothesis of a less severe growth phenotype due to the presence of
pCM160, M. extorquens AM1 pCM160 was cultivated on minimal
medium with either methanol or succinate, in presence of the
antibiotic. Three biological replicates yielded a growth rate of
0.14260.01 h
21 on succinate, a rate that was about 15% below
that of the wild-type strain (0.16860.01 h
21). Surprisingly, on
methanol the growth rate was 0.06260.003 h
21, which was
similar to that observed for M. extorquens pCM80. When
performing cultivation on minimal medium with methanol as
the sole carbon source at different cobalt concentrations, the
growth rate increased significantly with increasing cobalt concen-
tration in the medium, as observed for strain pCM80 (Fig. 2).
When cobalt concentration was increased 10 times, the growth
rate more than doubled (0.13360.008 h
21), and similar growth
rates were observed for higher cobalt concentrations, correspond-
ing to 78% of the wild-type growth rate. Thus, poor methanol
growth of the pCM160 strain could also be compensated by
increasing the cobalt concentration in the medium (Fig. 2).
For further comparison, M. extorquens AM1 pCM160 was
cultivated in shake flasks in the presence of kanamycin on minimal
medium with natural labeled methanol containing the default
cobalt concentration and on minimal medium with 99%
13C
methanol containing a 10 times increased cobalt concentration.
Cells were grown to a similar OD, and samples from both cultures
were taken in parallel, mixed, and quenched at the same time.
CoA esters were extracted from sample mixtures and subsequently
analyzed by LC-HRMS. To evaluate reproducibility, the
experiment was repeated applying
13C-labeled methanol to
minimal medium with the default cobalt concentration. In
addition, the same experiment was carried out with M. extorquens
AM1 pCM80 in the presence of tetracycline as a control. Growth
rates on minimal medium with default cobalt concentrations were
0.072 h
21 and 0.065 h
21 for M. extorquens AM1 pCM80, and
0.068 h
21 and 0.066 h
21 for M. extorquens AM1 pCM160. With a
10 times increased cobalt concentration, M. extorquens AM1
pCM80 yielded growth rates of 0.12 h
21 and 0.13 h
21, and M.
extorquens AM1 pCM160 growth rates were 0.12 h
21 and
0.13 h
21. Thus, cobalt concentration had the same influence on
growth on methanol for both strains. Table 3 shows the fold
change of EMCP metabolites when increasing to ten times the
cobalt concentration in the medium. Not only did both strains
show very similar decreases of ethylmalonyl-CoA and methylma-
lonyl-CoA, but also, all measured EMCP intermediates underwent
similar changes for both strains when cobalt concentration was
increased. The results for M. extorquens pCM160 together with
those obtained for M. extorquens pCM80 suggest that perturbation
of intracellular cobalt concentration might be due to a more
general response mechanism of antibiotic stress of M. extorquens
AM1 rather than to the specific mechanism of tetracycline
resistance, although a combination of the two effects is possible.
Overproduction of a Putative TonB-Dependent Cobalt
Transporter
As propagation of either pCM80 or pCM160 caused very
similar effects on growth rates and EMCP metabolite ratios, we
tried to find another explanation for the plasmid-induced
intracellular cobalt depletion. The exposure of cells to antibiotics
can lead to the activation of a stress response, which includes
changes in the expression of outer membrane proteins [41]. To
identify potential candidates for M. extorquens cobalt transporters,
which could be down-regulated due to exposure to tetracycline or
kanamycin in cells containing pCM80 or pCM160, we searched
the genome for factors involved in cobalt uptake. In an in silico
comparative genomic analysis to identify prokaryotic nickel and
cobalt uptake transporters, a specific group of TonB-dependent
receptors was presented based on conserved regulatory motifs and
conserved colocalization in nickel or cobalt transport system
operons [42]. Experimental evidence for a nickel transport
function across the outer membrane by a protein from this group
has been provided [43]; this clearly extends the substrate spectrum
of TonB-energized transport, previously thought to be restricted to
iron complexes and cobalamin compounds [44]. By performing a
Figure 2. Influence of cobalt concentration on growth. Growth
rates of M. extorquens AM1 strains observed during exponential growth
on minimal medium with different cobalt concentrations. Values were
determined for the wild-type strain (WT), strain AM1 with pCM80
plasmid coding for tetracycline resistance, and strain AM1 pCM160
plasmid coding for kanamycin resistance. Average values and standard
deviations were calculated from three biological replicates carried out
in shake flasks.
doi:10.1371/journal.pone.0007831.g002
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TonB-dependent cobalt transporter Daro_1684 from Dechloromonas
aromatica [42,44] we identified two TonB-dependent receptors with
high similarity to the D. aromatica protein: META2_0097, which
has been designated a putative TonB-dependent receptor for iron
transport by homology, and META1_1076, a TonB-dependent
transporter homologous to numerous other uncharacterized
bacterial outer membrane transporters. As META1_1076 most
probably forms an operon with META1_1077, the latter encoding
a putative periplasmic homolog of the cobalt chelatase CbiK,
META1_1076 seemed to be a promising candidate for an outer
membrane cobalt transporter.
Therefore we transformed an overexpression construct of this
operon, pCM80-Mext META1_1076/META1_1077, into M.
extorquens AM1 and determined the growth rate m in methanol
medium containing the default cobalt concentration and
tetracycline. We found a growth rate of 0.12260.003 h
21,
corresponding to roughly 80% of the growth rate of M. extorquens
AM1 in methanol medium. Overexpression of this TonB-
dependent transport system thus suppressed the growth defect
caused by limiting intracellular cobalt concentration in plasmid-
bearing cells, suggesting thatt h eo b s e r v e dg r o w t hd e f e c t
phenomenon might be caused by antibiotic stress-mediated
repression of this outer membrane cobalt transport system.
Notably, a very recent study identified the same transporter
system for cobalt uptake by an evolutionary experiment with M.
extorquens AM1 on metal deficient growth media utilizing
methanol as carbon source [45]. It was shown that increased
expression of this transporter in the mutant strain yielded increased
growth rates under cobalt limitations compared to the ancestor
strain. It is currently unclear whether the aforementioned putative
TonB-dependent receptor META2_0097, which is annotated as
an iron transporter, might also contribute to cobalt transport across
the outer membrane in M. extorquens AM1. M. extorquens AM1
also contains a second putative periplasmic cobalt chelatase
(META1_0967), as well as an operon encoding two factors known
to constitute a cytoplasmic membrane cobalt transport system
(CbtA (META1_1332) and CbtB (META1_1333)). Overexpression
of the CbtA/B operon using a pCM80 construct did not result in an
increase in growth rate compared to M. extorquens AM1 pCM80
(data not shown), suggesting that transport across the inner
membrane might not be limiting under the antibiotic stress
conditions.
Conclusions
It is well known that groups of microorganisms have a relatively
high demand for certain trace elements that represent metal sites
of key metabolic enzymes. Scho ¨nheit et al. discovered that at low
concentrations of nickel (less than 100 nM), cobalt (less than
10 nM), and molybdenum (less than 10 nM), the quantity of
Methanothermobacter marburgensis cells formed was roughly propor-
tional to the amount of transition metal added to the medium
when cells were grown on H2 and CO2 [46]. Later the enzymes,
such as methyl-CoM reductase (Ni), hydrogenases (Ni), acetyl CoA
synthase/CO dehydrogenase (Ni), methyl transferases (Co), and
formylmethanofuran dehydrogenase (Mo), were identified [47].
When methanogens are grown in the presence of methanol, cobalt
was found to become the primary limiting trace element [48].
Another example is the alkyl tert-butyl ether-degrading Betapro-
teobacteria, which was shown to exhibit an elevated nutritional
demand for cobalt due to the presence of a cobalamin-dependent
mutase during growth on substrates possessing the tert-butyl moiety
[49].
Here we demonstrated that metabolic profiling represents a
useful method to observe bottlenecks in metabolism as a
consequence of shortages of trace elements. This is of interest
for the purposes of elucidation of novel pathways with yet
uncharacterized enzymes and of engineering strategies for
biotechnological applications. From the results it is obvious that
cobalt is a critical trace element for methylotrophic growth of
Methylobacterium extorquens, not only in the presence of antibiotics
but also for the wild type in dependence upon the medium and
concentrations employed. One may imagine that the high
cobalamin requirement during growth in the presence of methanol
makes Methylobacterium a good expression host for cobalamin-
dependent enzymes. Our study also shows that the utilization of
plasmids for strain improvement strategies might sometimes be
critical; although the introduction of icl to the pCM80 plasmid
results in a higher growth rate of M. extorquens compared to the
empty plasmid, M. extorquens AM1 pCM80icl is still growing slower
than the plasmid-free M. extorquens AM1 since the isocitrate lyase
only partially compensates for inhibited activity of EMCP pathway
introduced by pCM80 plasmid under the default experimental
conditions.
Materials and Methods
Chemicals and Medium Composition
13C methanol (99%) was purchased from Cambridge Isotope
Laboratories. All other chemicals were purchased from Sigma-
Aldrich. Acetonitrile, acetic acid, formic acid, and ammonium
hydroxide used for HPLC solvents were of LC-MS degree. M.
Table 3. Growth of M. extorquens AM1 pCM80 on methanol
in the presence of tetracycline and of M. extorquens AM1
pCM160 in the presence of kanamycin.
Metabolite
Fold change
pCM80
Fold change
pCM160
Succinyl-CoA a 1.39 60.25 1.41 60.01
b 1.32 60.02 1.74 60.08
Methylmalonyl-CoA a 0.06 60.01 0.04 6,0.01
b 0.06 6,0.01 0.04 6,0.01
Mesaconyl-CoA a 0.90 60.06 0.73 6,0.01
b 0.84 60.03 0.84 60.05
Ethylmalonyl-CoA a 0.16 6,0.01 0.13 6,0.01
b 0.13 6,0.01 0.15 60.01
Methylsuccinyl-CoA a 1.68 60.38 1.77 60.06
b 1.45 60.06 1.75 60.11
Crotonyl-CoA a 2.01 60.34 1.73 60.29
b 2.41 60.16 2.39 60.20
Acetyl-CoA a 1.77 60.06 1.43 6,0.01
b 1.86 60.03 1.85 60.06
3-Hydroxybutyryl-CoA a 2.54 60.03 2.23 60.02
b 2.22 60.03 3.17 60.12
Propionyl-CoA a 0.29 60.04 0.22 60.01
b 0.29 60.01 0.26 60.01
Crotonyl-CoA a 2.01 60.34 1.73 60.29
b 2.41 60.16 2.39 60.20
Values are the fold changes of metabolite pools sizes of the ethylmalonyl-CoA
pathway when 10 times the default cobalt concentration was present in
medium. a and b represent two biological replicates.
doi:10.1371/journal.pone.0007831.t003
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described previously [31], except that the default concentration
of CoCl2?6H2O (0.3 mg L
21) was modified for a number of
cultivation experiments (see Results). In the presence of the
pCM80 plasmid and the pCM160 plasmid, 10 mg L
21 of
tetracycline and 50 mg L
21 of kanamycin were added to the
medium, respectively. Both plasmids are versatile broad-host-
range vectors introduced for use in Gram-negative bacteria and in
methylotrophs in particular. They are based on the pCM62 and
pCM66 plasmids that were shown to be maintained in M.
extorquens AM1 with equal efficiency [25].
Plasmid Construction
DNA cloning was performed using standard methods [50]. To
construct plasmid pCM80-MetA1_1076/MetA1_1077, the oper-
on containing ORFs MetA1_1076 and MetA1_1077 was
amplified by PCR using primers TCGATCTAGAATGTCG-
CCGCTTCTGACGC and AGCTGAGCTCTCAGTTGGAC-
TTCGGGTCGGTG with chromosomal DNA of M. extorquens
AM1 as template. After digestion of the PCR product and plasmid
pCM80 [25] with XbaI and SacI, fragments were ligated. The E.
coli isocitrate lyase gene was amplified from genomic E. coli DNA
by PCR using primers ATATAAGCTTAACTATGGAGCAT-
CTGCACA and TATATCTAGATTAGAACTGCGATTCTT-
CAG. After digestion of the PCR product and plasmid pCM80
with XbaI and HindIII, fragments were ligated to construct
pCM80icl.
Cultivation Conditions
All pre-cultures were carried out in baffled shake flasks at 28uC
and 110 rpm. Main cultures in shake flasks were carried out under
the same conditions. Cultures were inoculated to an initial OD600
between 0.05 and 0.1. Main cultures in a bioreactor were carried
out in a 500 mL bioreactor (Infors-HT, Bottmingen, Switzerland)
with a 400 mL working volume at 28uC and at 1000 rpm. The pH
was maintained at 7.0 by addition of 1 M ammonium hydroxide.
Initial OD600 was about 0.3. Three independent cultivation
experiments were carried out for shake flask experiments and two
in case of bioreactor experiments.
Sampling, Quenching, and Extraction of Metabolites for
Quantification
For the purpose of metabolic profiling experiments, cells were
harvested during mid-exponential growth at 2,OD600,3. In case
of small polar compounds (amino acids, organic acids, and small
phosphorylated metabolites), a cell amount corresponding to
0.6 mg cell dry weight was sampled by fast filtration [51]. The
latter included a wash step to remove metabolites eventually
present in the culture liquid phase. Metabolites were extracted
over 8 min with boiling water [21]. For metabolite quantification
the isotope dilution method was applied [32]. To this end,
uniformly
13C-labeled cell extract from M. extorquens AM1 cells
grown on methanol was added to the sample as internal standard
when starting metabolite extraction. In the case of CoA esters,
sampling and quenching of samples was performed as described
[31]. Similarly, for small polar metabolites, uniformly
13C-labeled
cell extract from M. extorquens AM1 grown on methanol was added
simultaneously with the sample to the quenching solution. For
extraction, the sample was incubated for 15 min on ice. During
incubation, samples were mixed for 10 s every 5 min. After
addition of 20 mL of ice-cold deionized water, samples were
chilled with liquid nitrogen. Frozen samples were stored at 220uC
until freeze drying. When a LC-HRMS protocol with an improved
sample desalting method was applied (see below), freeze dried
samples were dissolved in 80 ml of ice-cold, 25 mM ammonium
formate buffer (pH 3.5, 2% methanol), the suspension was
centrifuged (14,000 g, 3 min, 0uC), and the supernatant was used
for LC-HRMS analysis. Otherwise, samples were prepared as
previously described [31].
LC-HRMS Analysis
All analyses were done using a Rheos 2200 HPLC instrument
(Flux Instruments, Switzerland) with an LTQ Orbitrap mass
spectrometer (Thermo Fisher Scientific), equipped with an
electrospray ionization probe. Small polar compounds were
analyzed as described previously [21]. CoA esters were analyzed
as described [31] or by applying a modified protocol with
significantly improved desalting of the samples. For both protocols
solvent A was 50 mM formic acid adjusted to pH 8.1 with
ammonium hydroxide, and solvent B was methanol. The flow rate
was 220 mL min
-1, and the injection volume was 10 mL. In the
case of the alternative protocol, a C18 analytical column (Gemini
5062.0 mm, particle size 3 mm, Phenomenex) used for desalting
was connected via a 6-port valve to a second C18 analytical
column (Gemini 10062.0 mm, particle size 3 mm). To desalt the
sample, it was injected on the short column, which was connected
to the waste. During desalting the flow of the second column was
provided by a second HPLC pump. After 5 min the two columns
were connected in line. The gradient of B was as follows: 0 min,
0%; 5 min 0%; 15 min, 23%; 25 min, 80%; 27 min, 80%;
27.5 min, 0%; 32 min, 0%. MS analysis was performed in the
negative or in the positive FTMS mode at a resolution of 30,000.
For the positive FTMS mode, sheath gas flow rate was 40, aux gas
flow rate was 30, tube lens was 80 V, capillary voltage was 30 V,
and ion spray was 4.7 kV. For the negative FTMS mode, gas flow
rates were identical, tube lens was 290 V, capillary voltage was
24 V, and ion spray current was 24.7 kV.
Data Analysis
Growth rates were determined from exponential fits of growth
curves using the Matlab curve fitting tool. The goodness of fit
criterion was an adjusted R
2 value higher than 0.99. For
metabolite quantification from cultivations in bioreactors the
isotope dilution method developed by [32] was applied by adding
U-
13C labeled cell extract (internal standard) to the sample prior to
metabolite extraction, and concentrations were calculated as
follows:
Metabolite ½  ~
AM0
AMUL
:VMUL
V0
:cMUL
X
mmol g{1   
,1 ðÞ
where AMUL is the area of the uniformly
13C-labeled mass peak,
AM0 is the area of the monoisotopic mass peak, V0 is the sample
volume, VMUL is the volume of the U-
13C labeled cell extract,
cMUL is the known concentration of the U-
13C labeled metabolite
of the internal standard, and X is the biomass concentration.
When the absolute concentration of a metabolite in the internal
standard was unknown, relative differences in pool sizes were
calculated from normalized peak areas as follows:
Anorm~
AM0
AMUL
:VMUL
V0:X
2 ðÞ
For a set of cultivations in shake flasks CoA ester pool sizes of
strains AM1 containing the plasmids pCM80 and pCM160 were
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conditions applying the approach developed by Mashego et al.
[52]. To this end M. extorquens AM1 wild type was cultivated on
default medium containing 99% U-13C whereas M. extorquens
AM1 pCM80 and M. extorquens AM1 pCM160 were grown on
natural labeled methanol. Defined amounts of
13C-labeled cells
were quenched and extracted together with defined amounts of
natural labeled extracts. Mass isotopomer distributions of CoA
esters were determined by LC-MS. Since cultivations were carried
out in shake flasks natural labeled CO2 from air was present. CoA
esters formed on
13C methanol in shake flasks showed an increased
fraction of partially
13C-labeled CoA esters though the mass
isotopomer distributions of CoA esters formed on natural labeled
and
13C-labeled methanol were completely separated. The
observed increase of
12C carbon can be explained by operation
of the ethylmalonyl-CoA pathway during growth on methanol
incorporating a significant fraction of CO2 into biomass [31].
Therefore, to determine the relative difference between natural
labeled and
13C-labeled CoA ester pool sizes [CoA ester]rel. all
mass peaks M0,M 1,… ,M n measured from natural labeled CoA
esters (n.l.-CoA) and all mass isotopomers MMUL-m,… ,M MUL-1,
MMUL from CoA esters formed on
13C methanol (13C-CoA) were
taken into account, and relative pool sizes of CoA esters were
calculated as follows:
CoA ester ½  rel:~
An:l:{CoA
A13C{CoA
:V13C{CoA:X13C{CoA
Vn:l:{CoA:Xn:l:{CoA
3 ðÞ
An:l:{CoA
A13C{CoA
~
P i~n
i~0
AMi
P j~MUL
j~MUL{m
AMj
3a ðÞ
Author Contributions
Conceived and designed the experiments: PK MB JS JAV. Performed the
experiments: PK MB PC. Analyzed the data: PK MB PC. Contributed
reagents/materials/analysis tools: PK BK. Wrote the paper: PK MB JS
JAV.
References
1. Bailey JE (1993) Host-vector interactions in Escherichia coli. Adv Biochem Eng
Biotechnol 48: 29–52.
2. Bailey JE, Da Silva NA, Peretti SW, Seo JH, Srienc F (1986) Studies of host-
plasmid interactions in recombinant microorganisms. Ann N Y Acad Sci 469:
194–211.
3. Glick BR (1995) Metabolic load and heterologous gene expression. Biotechnol
Adv 13: 247–261.
4. Cheah UE, Weigand WA, Stark BC (1987) Effects of recombinant plasmid size
on cellular processes in Escherichia coli. Plasmid 18: 127–134.
5. Khosravi M, Ryan W, Webster DA, Stark BC (1990) Variation of oxygen
requirement with plasmid size in recombinant Escherichia coli. Plasmid 23: 138–143.
6. Ryan W, Parulekar SJ, Stark BC (1989) Expression of beta-lactamase by
recombinant Escherichia coli strains containing plasmids of different sizes-effects of
pH, phosphate, and dissolved oxygen. Biotechnol Bioeng 34: 309–319.
7. Birnbaum S, Bailey JE (1991) Plasmid presence changes the relative levels of
many host cell proteins and ribosome components in recombinant Escherichia coli.
Biotechnol Bioeng 37: 736–745.
8. Seo JH, Bailey JE (1985) Effects of recombinant plasmid content on growth
properties and cloned gene product formation in Escherichia coli. Biotechnol
Bioeng 27: 1668–1674.
9. da Silva NA, Bailey JE (1986) Theoretical growth yield estimates for
recombinant cells. Biotechnol Bioeng 28: 741–746.
10. Diaz Ricci JC, Hernandez ME (2000) Plasmid effects on Escherichia coli
metabolism. Crit Rev Biotechnol 20: 79–108.
11. Ow DS, Lee DY, Yap MG, Oh SK (2008) Identification of cellular objective for
elucidating the physiological state of plasmid-bearing Escherichia coli using
genome-scale in silico analysis. Biotechnol Prog 25: 61–67.
12. Ow DS-W, Nissom PM, Philp R, Oh SK-W, Yap MG-S (2006) Global
transcriptional analysis of metabolic burden due to plasmid maintenance in
Escherichia coli DH5[alpha] during batch fermentation. Enzyme and Microbial
Technology 39: 391–398.
13. Marciano DC, Karkouti OY, Palzkill T (2007) A fitness cost associated with the
antibiotic resistance enzyme SME-1 beta-lactamase. Genetics 176: 2381–2392.
14. Moyed HS, Bertrand KP (1983) Mutations in multicopy Tn10 tet plasmids that
confer resistance to inhibitory effects of inducers of tet gene expression.
J Bacteriol 155: 557–564.
15. Lee SW, Edlin G (1985) Expression of tetracycline resistance in pBR322
derivatives reduces the reproductive fitness of plasmid-containing Escherichia coli.
Gene 39: 173–180.
16. Nielsen J, Oliver S (2005) The next wave in metabolome analysis. Trends
Biotechnol 23: 544–546.
17. Chistoserdova L, Kalyuzhnaya MG, Lidstrom ME (2009) The expanding world
of methylotrophic metabolism. Annu Rev Microbiol 63: 477–499.
18. Vuilleumier S, Chistoserdova L, Lee MC, Bringel F, Lajus A, et al. (2009)
Methylobacterium genome sequences: a reference blueprint to investigate microbial
metabolism of C1 compounds from natural and industrial sources. PLoS One 4:
e5584.
19. Bosch G, Skovran E, Xia Q, Wang T, Taub F, et al. (2008) Comprehensive
proteomics of Methylobacterium extorquens AM1 metabolism under single carbon
and nonmethylotrophic conditions. Proteomics 8: 3494–3505.
20. Guo X, Lidstrom ME (2008) Metabolite profiling analysis of Methylobacterium
extorquens AM1 by comprehensive two-dimensional gas chromatography coupled
with time-of-flight mass spectrometry. Biotechnol Bioeng 99: 929–940.
21. Kiefer P, Portais JC, Vorholt JA (2008) Quantitative metabolome analysis using
liquid chromatography-high-resolution mass spectrometry. Anal Biochem 382:
94–100.
22. Laukel M, Rossignol M, Borderies G, Volker U, Vorholt JA (2004) Comparison
of the proteome of Methylobacterium extorquens AM1 grown under methylotrophic
and nonmethylotrophic conditions. Proteomics 4: 1247–1264.
23. Okubo Y, Skovran E, Guo X, Sivam D, Lidstrom ME (2007) Implementation of
microarrays for Methylobacterium extorquens AM1. OMICS 11: 325–340.
24. Schrader J, Schilling M, Holtmann D, Sell D, Filho MV, et al. (2009) Methanol-
based industrial biotechnology: current status and future perspectives of
methylotrophic bacteria. Trends Biotechnol 27: 107–115.
25. Marx CJ, Lidstrom ME (2001) Development of improved versatile broad-host-
range vectors for use in methylotrophs and other Gram-negative bacteria.
Microbiol 147: 2065–2075.
26. Chistoserdova L, Chen S-W, Lapidus A, Lidstrom ME (2003) Methylotrophy in
Methylobacterium extorquens AM1 from a genomic point of view. J Bacteriol 185:
2980–2987.
27. Vorholt JA (2002) Cofactor-dependent pathways of formaldehyde oxidation in
methylotrophic bacteria. Arch Microbiol 178: 239–249.
28. Anthony C (1982) The biochemistry of methylotrophs. Academic Press, London,
UK.
29. Large PJ, Quayle JR (1963) Microbial growth on C(1) compounds. 5. Enzyme
activities in extracts of Pseudomonas AM1. Biochem J 87: 386–396.
30. Erb TJ, Berg IA, Brecht V, Muller M, Fuchs G, et al. (2007) Synthesis of C5-
dicarboxylic acids from C2-units involving crotonyl-CoA carboxylase/reductase:
the ethylmalonyl-CoA pathway. Proc Natl Acad Sci USA 104: 10631–10636.
31. Peyraud R, Kiefer P, Christen P, Massou S, Portais JC, et al. (2009)
Demonstration of the ethylmalonyl-CoA pathway by using
13C metabolomics.
Proc Natl Acad Sci USA 106: 4846–4851.
32. Wu L, Mashego MR, van Dam JC, Proell AM, Vinke JL, et al. (2005)
Quantitative analysis of the microbial metabolome by isotope dilution mass
spectrometry using uniformly
13C-labeled cell extracts as internal standards.
Anal Biochem 336: 164–171.
33. Erb TJ, Retey J, Fuchs G, Alber BE (2008) Ethylmalonyl-CoA mutase from
Rhodobacter sphaeroides defines a new subclade of coenzyme B12-dependent acyl-
CoA mutases. J Biol Chem 283: 32283–32293.
34. Korotkova N, Lidstrom ME (2004) MeaB is a component of the methylmalonyl-
CoA mutase complex required for protection of the enzyme from inactivation.
J Biol Chem 279: 13652–13658.
35. Leadlay PF (1981) Purification and characterization of methylmalonyl-CoA
epimerase from Propionibacterium shermanii. Biochem J 197: 413–419.
36. Stabler SP, Marcell PD, Allen RH (1985) Isolation and characterization of DL-
methylmalonyl-coenzyme A racemase from rat liver. Arch Biochem Biophys
241: 252–264.
37. Levy SB, McMurry L (1978) Plasmid-determined tetracycline resistance involves
new transport systems for tetracycline. Nature 276: 90–92.
38. Yamaguchi A, Udagawa T, Sawai T (1990) Transport of divalent cations with
tetracycline as mediated by the transposon Tn10-encoded tetracycline resistance
protein. J Biol Chem 265: 4809–4813.
39. Korotkova N, Lidstrom ME (2001) Connection between poly-beta-hydroxybu-
tyrate biosynthesis and growth on C(1) and C(2) compounds in the methylotroph
Methylobacterium extorquens AM1. J Bacteriol 183: 1038–1046.
Cobalt Limitation
PLoS ONE | www.plosone.org 7 November 2009 | Volume 4 | Issue 11 | e783140. Legoffic F, Martel A, Capmau ML, Baca B, Goebel P, et al. (1976) New
plasmid-mediated nucleotidylation of aminoglycoside antibiotics in Staphylococcus
aureus. Antimicrobial Agents and Chemotherapy 10: 258–264.
41. Viveiros M, Dupont M, Rodrigues L, Couto I, Davin-Regli A, et al. (2007)
Antibiotic stress, genetic response and altered permeability of E. coli. PLoS One
2: e365.
42. Rodionov DA, Hebbeln P, Gelfand MS, Eitinger T (2006) Comparative and
functional genomic analysis of prokaryotic nickel and cobalt uptake transporters:
evidence for a novel group of ATP-binding cassette transporters. J Bacteriol 188:
317–327.
43. Schauer K, Gouget B, Carriere M, Labigne A, de Reuse H (2007) Novel nickel
transport mechanism across the bacterial outer membrane energized by the
TonB/ExbB/ExbD machinery. Mol Microbiol 63: 1054–1068.
44. Schauer K, Rodionov DA, de Reuse H (2008) New substrates for TonB-
dependent transport: do we only see the ‘tip of the iceberg’? Trends Biochem Sci
33: 330–338.
45. Chou HH, Berthet J, Marx CJ (2009) Fast growth increases the selective
advantage of a mutation arising recurrently during evolution under metal
limitation. PLoS Genet 5: e1000652.
46. Scho ¨nheit P, Moll J, Thauer RK (1979) Nickel, cobalt, and molybdenum
requirement for growth of Methanobacterium thermoautotrophicum. Arch Microbiol
123: 105–107.
47. Thauer RK (1998) Biochemistry of methanogenesis: a tribute to Marjory
Stephenson. 1998 Marjory Stephenson Prize Lecture. Microbiol 144:
2377–2406.
48. Gonzalez-Gil G, Kleerebezem R, Lettinga G (1999) Effects of nickel and cobalt
on kinetics of methanol conversion by methanogenic sludge as assessed by on-
line CH4 monitoring. Appl Environ Microbiol 65: 1789–1793.
49. Rohwerder T, Breuer U, Benndorf D, Lechner U, Mu ¨ller RH (2006) The alkyl
tert-butyl ether intermediate 2-hydroxyisobutyrate is degraded via a novel
cobalamin-dependent mutase pathway. Appl Environ Microbiol 72: 4128–4135.
50. Sambrook J, Russell DW, eds (2001) Molecular cloning - a laboratory manual.
New York: Cold Spring Harbor Press.
51. Bolten CJ, Kiefer P, Letisse F, Portais JC, Wittmann C (2007) Sampling for
metabolome analysis of microorganisms. Anal Chem 79: 3843–3849.
52. Mashego MR, Wu L, Van Dam JC, Ras C, Vinke JL, et al. (2004) MIRACLE:
mass isotopomer ratio analysis of U-13C-labeled extracts. A new method for
accurate quantification of changes in concentrations of intracellular metabolites.
Biotechnol Bioeng 85: 620–628.
Cobalt Limitation
PLoS ONE | www.plosone.org 8 November 2009 | Volume 4 | Issue 11 | e7831